Over the years, the increased search and exchange of information lead to an increase of traffic intensity in todays optical communication networks. Coherent communications, using the amplitude and phase of the signal, reappears as one of the transmission techniques to increase the spectral efficiency and throughput of optical channels. In this context, this paper present a survey on format conversion of modulated signals using MZISOAs, based exclusively on all-optical techniques through wavelength conversion. We also present two proposal using all-optical techniques: One for the conversion of amplitude modulation signals to a continuous phase modulation format, and another technique for the conversion of OOK signals to QPSK and QAM signals. Both approaches are experimentally validated.
INTRODUCTION
Format conversion of optical signals started their application with the appearance of optical fiber systems in the 1980s, 1 when coherent systems were under investigation world-wide. 2 Coherent detection using advanced optical modulation formats was widely discussed in the context of unamplified systems, [3] [4] [5] where attenuation-limited single-span transmission required utmost receiver sensitivity. With the advent of efficient optical amplifiers (such as the Erbium Doped Fiber Amplifier (EDFA)), allowing for comparable direct-detection receiver sensitivities, 5, 6 and despite the fact that coherent optical systems foster spectrally efficient modulation schemes, 7 coherent systems research decayed in the early 1990s.
However, in the last decade, we assist to an exponential increase of Internet connections worldwide. With highbandwidth and on-demand applications continuing to emerge, next-generation optical networks will likely require significant improvements in reconfigurability and ultra-fast operations. 8 The evolution of the optical transmission technologies, towards data rates above 100 Gbit/s, demands a next-generation optical systems with coherent transmission techniques. The next-generation transmitters are required to address the needs to generate various spectrally-efficient modulation formats, such as quadrature phase shift keying (QPSK), quadrature amplitude modulation (QAM) and ortogonal frequency division multiplexing (OFDM), those receiving much attention as candidate modulation formats for 100 Gbit/s transmission. 9 Reduced power consumption and format agility, as well as high performance, are also important keys in successful deployment of next-generation high data-rate modulator technology.
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This paper is organized as follows. Section 2 presents a general description of optical modulation formats, describing the physical properties of a lightwave that can be used to convey digital information. Section 3 present a proposal for the classification of optical modulation format conversion techniques, and covers various format conversion technologies and systems used to imprint data information onto a laser carrier. A special attention is devoted to all-optical techniques in Section 3.1, where some of the techniques based on Mach-Zehnder interferometer with semiconductor optical amplifiers (MZI-SOAs) are described in detail, complemented with a matrix from/to, filled up, to the best of my knowledge, with all possible format conversions reported up to now. Finally, conclusions and future developments are drawn in Section 4.
OPTICAL MODULATION FORMATS
This subsection present a brief description of the main modulation formats employed in optical networks.
Throughout this and the following Sections, 0 and 1 (set in Typeface font) denote logical bits, while Roman font (e.g., {0 ; ±1} or {0 ; π}) denotes modulation symbols.
Intensity Modulation
The electric field associated with an optical signal can be written as,
In the case of amplitude shift keying (ASK) modulation format, it encodes the information in the amplitude A s of the optical field, while keeping ω 0 and ϕ s constant,
on off keying (OOK) is a special case of ASK, and one of the most used due to its simplicity. In OOK, A s takes one of two fixed values during each bit period, depending on whether 1 or 0 bit is being transmitted. In practical situations, A s is set to zero during the transmission of 0 bits. The constellation diagram of OOK modulated signals is represented in Fig. 1 .
A constellation diagram is a geometric representation describing a modulated signal set. The horizontal axis of the constellation plane represent the in-phase (I) component of the signal and the vertical axis the quadrature (Q) component. Thus, the constellation of OOK signals lies in a single axis, with one symbol in the origin (bit 0) and the other on the I axis (bit 1). Also represented in Fig. 1 is the vector diagram. A vector diagram displays the I and the Q components like on an oscilloscope, which reveals the dynamics of the symbol transitions. A void of errors would show direct transition to different symbols, which is not the usual case in operational-implemented systems. Two kind of line coding may be applied to an OOK signal, non return to zero (NRZ) or return to zero (RZ). The lack of timing information of the NRZ format can be overcome by introducing more transitions into the optical waveform. This leads to the RZ formats. However, the bandwidth of a RZ format is wider than that of a NRZ format.
As previously mentioned, one of the most important advantages of OOK is its simplicity and low cost compared with other modulation formats. 11, 12 Otherwise, intensity modulation formats are characterized by a bad nonlinear tolerance due to the presence of a strong optical carrier.
Phase Modulation
For phase shift keying (PSK) format, the optical bit stream is generated by modulating the phase ϕ s in Eq. (1) while the amplitude A s and the angular frequency ω 0 of the optical carrier are kept constant,
For M-ary PSK modulation, the angular aperture between constellation symbols is given by 2π/M , where M is the number of symbols, and the Euclidean distance d can be found to be equal to,
Thus, for binary PSK (BPSK), the phase ϕ s takes two values, commonly 0 and π, as represented by the constellation in Fig. 2a . For QPSK, each symbol is composed by two bits, and the phase may take one of four values, for example {π/4; 3π/4; 5π/4; 7π/4}, as shown in Fig. 2b . The use of PSK format requires that the phase of the optical carrier remains stable so that phase information may be extracted at the receiver without ambiguity. This requirement puts a stringent condition on the the laser linewidth tolerance, both for the transmitter and the local oscillator of the coherent receiver. However, the linewidth requirements may be somewhat relaxed, by using a variant of the PSK format, known as differential PSK (DPSK).
11 In DPSK, the bit stream is previously encoded, so a simpler receiver may be used to recover the information.
Frequency Modulation
In the case of frequency shift keying (FSK) modulation, data is coded in the optical carrier by shifting the carrier frequency ω 0 itself,
For binary digital signals, ω 0 takes two values, ω 0 − Δω or ω 0 + Δω, depending on whether a 0 or a 1 bit is being transmitted. The frequency shift Δf = Δω/2π denote the frequency deviation. Thus, the optical signal can be written as
Since the cosine argument of Eq. (6) can be written as ω 0 t + (ϕ s ± Δωt), FSK modulation can also be viewed as PSK modulation, where the carrier phase increase or decrease linearly over the bit duration, as depicted in Fig. 3b . A special case is continuous phase FSK (CPFSK), 13 where the phase transitions shown in Fig. 3a are continuous. This kind of FSK modulation is desirable, since discontinuities in waveform (Fig. 3c) will broaden the signal bandwidth. 
Hybrid Modulation
In the previous chapters, only one parameter of the optical signal in Eq. (1) was modified (amplitude A s , frequency ω 0 or phase ϕ s ) to produce a modulated signal. Hybrid modulation consider using both amplitude and phase (or frequency) in a single modulation scheme. In the case of QAM, the modulated signal given in Eq. (7) is generated by modulating the phase and the amplitude of the electric field,
Each constellation point is represented by a symbol made up of several bits. For n bits per symbol, the number of constellation points, or symbols, is M = 2 n . Therefore, for 16-QAM, the number of symbols is M = 2 4 = 16, where n = 4, as depicted in Fig. 4 . By combining intensity and phase modulation, the number of phase states can be reduced for the same number of symbols, compared to M-PSK modulation, leading to larger Euclidean distances between the symbols. Using multilevel signaling, log 2 (M ) data bits are encoded on M symbols, and are then transmitted at a reduced symbol rate of R s = R b /log 2 (M ), where R b is the bit rate, and higher spectral efficiencies may be obtained due to spectral narrowing. On one hand, multilevel signaling allows for lower symbol rates at a fixed data rate, which is beneficial in the presence of dispersive signal distortions, such as chromatic dispersion (CD) 14 or polarization mode dispersion (PMD), 15 and allows for smaller channel spacing. However, these benefits are accompanied by a reduced tolerance to noise 13 and self phase modulation (SPM), and with a higher complexity of components. On the other hand, high-order modulation allows upgrading to higher channel data rates by using existing lower-speed equipment, and thus exceeding the limits of present high-speed electronics and digital signal processing.
FORMAT CONVERSION TECHNIQUES
To get a comprehensive overview of optical format conversion techniques and to better understand the classification presented here, Fig. 5 shows how the most important modulation formats conversion systems discussed today fall into those categories.
We classify optical modulation formats conversion according to the technique used for the conversion, e.g., if it is an all-optical technique or an electro-optical technique. We also look at the kind of device where the format conversion takes place. Electro-optical techniques may employ phase modulators (PM), 16 Mach-Zehnder Modulators (MZM) 17 or IQ modulators (IQM). 18, 19 Radio over fiber techniques are not considered as format conversion techniques, since the modulation format of the signal is not altered when the signal is converted from the electrical domain to the optical domain.
All-optical techniques are classified as using active or passive devices; recent research on passive devices uses highly nonlinear fibers (HNLF) or optical waveguides based devices, such as the Coupled Ring-resonator Optical Waveguide (CROW), the Delay Interferometer (DI) or Periodically Poled Lithium Niobate (PPLN) waveguides. Greater insight is given to all-optical format conversion systems in the next sections, specially to SOAs and MZI-SOA based techniques. 
All-optical format conversion
The interest in all-optical formats conversion have increased noticeably since all-optical processing is considered one of the most important aspects in future optical networks. Thus, electric to optical and optical to electric converters are likely to become less used, and connection between different networks will become more cost effective. As mentioned in the previous section, a considerable number of advanced modulation formats schemes have been reported in the past few years. They may be selectively employed in future optical networks, depending on the size, bit rate and the system settings. Thus, all-optical conversion techniques applied in network nodes, connecting different networks, will play an important role. The purpose of this section is to present these techniques; most of them are explained and discussed.
Passive Device Techniques
HNLF have become in the past few years a promising technique in order to achieve nonlinear applications. All optical modulation format conversions using these nonlinearities have been studied in several articles, where many researchers have demonstrated a variety of schemes for all-optical conversion. Generally, the principle of operation is based on one HNLF where two or more signals are launched synchronously in order to obtain the desired all optical format conversion. The control signals induce cross phase modulation (XPM) on the optical phase of a RZ clock signal. Thus, the information carried on the amplitude of OOK signals, can be modulated on the phase of another signal. Mishima et al 20 propose an all-optical modulation format conversion from NRZ-OOK to RZ multilevel amplitude PSK (APSK) based on parametric amplification and XPM. The technique requires an RZ pulse sequence and 3 channels NRZ-OOK signals synchronously launched into a HNLF as a probe pulse and control pulses, respectively. The probe pulse is modulated both in its amplitude due to optical parametric amplification and its phase due to XPM, induced by the control pulses. Kitagawa et al [21] [22] [23] [24] 
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Non transparency of four wave mixing (FWM) and its application as a format converter technique in HNLF are also discussed in several papers as well. Lu et al 30, 31 propose and demonstrate format conversion among optical M-PSK signals, using this technique. They have experimentally demonstrated conversion of DQPSK to DPSK data at 10 and 160 Gbaud, and conversion of RZ-8DPSK to RZ-DQPSK data at 40 Gbaud. In addition, NRZ to RZ format conversion with simultaneous wavelength multicasting, have been reported using a single pump in a HNLF for OOK 32 and DPSK 33 signals, or using an NOLM. 34 In this type of format modulation, where more than one signal is launched into the fiber, group velocity mismatch plays an important role in XPM interaction [33] , since it induces walk-off (lost of the synchronism) between signals along the fiber. Walk-off together with FWM induce degradation on the converted signal, such as power differences and unstable phase modulation depending on the bit pattern. Mach Zehnder delay interferometer (MZDI) have been used also for modulation format conversion. 11 Lu et al 35 presented a study of the intrinsic relations and conversions among different binary modulation formats using MZDI. Conversions between RZ and CSRZ and between Duobinary and alternate mak inversion (AMI) can be realized by inverting the sign of the optical field at every bit transition, which is represented by arrows with (−1) n in Fig. 6 . The constructive and destructive ports of an MZDI act as a delay-and-add filter and a delay-and-subtract filter, respectively. A delay-and-subtract filter can convert an NRZ or an RZ to an AMI format.
11, 36 Duobinary and AMI can be obtained from DPSK at the constructive and destructive ports of the MZDI, respectively. 37 The periodic frequency characteristic of an MZDI indicates that simultaneous multi-channel format conversions at the same data rate can potentially be implemented.
Groumas et al
38 experimentally demonstrated RZ to NRZ conversion of 40 Gbit/s DPSK signals using a MZDI and an optical bandpass filter (BPF). Simulations at 40 Gbaud with DPSK, DQPSK and 16-QAM signals have indicated the compatibility of the technique with higher-order modulation formats. Other researchers have demonstrated the feasibility of all-optical conversion from BPSK to QPSK at 12 Gbit/s.
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All-optical format conversion of 10 Gbit/s NRZ-OOK to RZ-OOK has been successfully achieved, utilizing either XPM or FWM, in a Si nanowire. 40 In both cases, the format conversion resulted in a correctly encoded and polarity-preserved RZ-OOK signal, exhibiting no error floor for bit error rate (BER) < 10 nanowire is fabricated on silicon-on-insulator unibond wafers, with a buried SiO 2 layer. The buried layer ensures optical isolation for the nanowire from the high-index Si substrate, reducing losses due to leakage modes. Recently, researchers have proposed format conversion schemes employing CROW. Zhou et al 41 have experimentally demonstrated and modeled all-optical NRZ to RZ format conversion using CROW as a notch filters, while Yunhong et al 42 use CROW for RZ to NRZ format conversion. Other researchers 43, 44 numerically verified all-optical format conversion from NRZ to BPSK using CROW on a single Si chip. The conversion is based on large phase shift and flattened intensity-response characteristics in the CROW. A continuous wave (CW) light experiences different phase shifts controlled by the power of an input NRZ signal, while maintaining approximately constant intensity. Moreover, Ye et al 45 verified numerically, also at 160 Gbit/s, the conversion of NRZ, carrier suppressed RZ (CSRZ), and RZ to PSK, CSRZ-PSK, and RZ-PSK, respectively, by using a set of CROW with high Q-factors. This scheme possesses several advantages including simplicity, applicability to the ultrahigh speed systems, all-optical signal regeneration 46 and facility of integration. All-optical format conversion from NRZ to QPSK was also numerically demonstrated based on parallel NRZ / BPSK converters in a MZM structure. 43 On the other hand, PPLN-based all-optical format have been reported. Wang et al 47, 48 proposed and experimentally demonstrate, all-optical 40 Gbit/s NRZ-to-CSRZ, NRZ-DPSK-to-RZ-DPSK and NRZ-DPSK-to-CSRZ-DPSK format conversions. The obtained theoretical and experimental results indicate that PPLN has a potential to be applied to high-speed all-optical format conversion, which may stimulate future much wider PPLN-based applications in ultra-fast all-optical signal processing. Apiratikul et al 49 have demonstrated wavelength and format conversion at 10 Gbit/s, from NRZ-OOK to RZ-OOK based on FWM in a passive GaAs bulk-waveguide. A conversion efficiency of 28 dB over a 48 nm bandwidth was achieved and demonstrates the viability of GaAs waveguides for nonlinear optical signal processing. The conversion of RZ-OOK to RZ-BPSK signals at 10 Gbit/s in a passive AlGaAs waveguide has been also successfully demonstrated. 50 However, the method suffers from drawbacks due to the presence of residual pattern-dependent cross amplitude modulation (XAM) (along with the requisite XPM) in the probe output by the waveguide, which led to amplitude modulation in the evaluated RZ-BPSK signal, and to an insufficient phase shift resulting from the large coupling loss.
Active Device Techniques
Several researchers had presented format conversion from NRZ to RZ using a single SOA for OOK signals. One of the proposed conversions scheme is based on a delay-interferometer-signal wavelength conversion (DISC) configuration, in which an SOA is placed in front of a DI. The inputs to the SOA are an RZ pulse stream (pump) and, at a lower power, the NRZ input data (probe). The pump clock pulses introduce periodic phase shifts to the following NRZ data via XPM in the SOA. This phase modulation is converted into amplitude modulation in the DI, which results in an RZ output signal with a controllable pulse-width (duty-cycle) determined mainly by the offset delay (Δt) of the DI. Yang et al 51 used a piece of polarization maintaining fibre with a differential delay (Δt), along with two polarization controllers and a polarizer to form a DI, while Zhao et al 52 used a reconfigurable differential group delay (DGD) generator. Other researchers have used the same conversion scheme for multiple wavelength operations, where more than one NRZ input data sequences are converted to RZ format, 53, 54 as presented in Fig. 7 . For that case, the SOA is operated in deep saturation to mitigate the undesired cross gain modulation (XGM) between different channels and the DI with a comb-like spectrum is used. The DI transmission peaks are adjusted to be offset from each carrier wavelength with optimal detuning. Thus, the chirp induced on each channel by phase modulation is transmitted, while the original spectrum components are suppressed to some extent. The same format conversion scheme was used not only between OOK signals, but also between OOK and other formats, such as DPSK 55, 56 and BPSK. 57 Marculescu et al use two cascaded DI and a band-pass filter to produce all-optical conversion from RZ to CSRZ. With this scheme, modulation format conversion, wavelength conversion and regeneration has been experimentally accessed at 42.7 Gbit/s.
A different approach, for NRZ to RZ data format conversion with pulse-width tunability into one by combination of SOA and fiber-based switches, was experimentally demonstrated by Tan et al . 58 The SOA-based switch, which employs a delayed Sagnac interferometer using XPM effect in SOA, acts as a pulse-width tunable clock generator. The fiber-based switch using FWM effect in a HNLF performs an AND logic function between input NRZ and the converted RZ clock from the former switch.
Data format conversion from NRZ to RZ was experimentally demonstrated at 40 Gbit/s, using FWM effect of SOA, by injecting synchronously NRZ signal and clock pulses into a single SOA. 59 The study of ASK to FSK format conversion on SOA, based on FWM, was also presented in.
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On the other hand, RZ to NRZ conversion techniques were also investigated, using XGM effect in a single SOA, combined with an integrated short SA, 61 or using cross gain compression (XGC) effect with a second SOA.
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In, 63 Lu et al proposed and experimentally demonstrated an all-optical NRZ to FSK format conversion scheme at an optical line terminator (OLT) to interconnect a metro area network (MAN) and a passive optical network (PON), based on XGM in a SOA. The constant intensity of the converted downstream FSK signal is remodulated at the optical network unit (ONU) to carry upstream data. Error-free conversion has been achieved at 10 Gbit/s.
A scheme that can simultaneously enable modulation format conversion (RZ-to-CSRZ), wavelength conversion and regeneration has been introduced and experimentally accessed at 42.7 Gbit/s. The scheme consists of an SOA followed by two cascaded DI and a band-pass filter. The latter enables not only the modulation format conversion but also the suppression of the bit pattern effects.
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Multi-level all-optical format conversion from NRZ signal to RZ signal, using a SOA and a detuned optical filter, was also demonstrated. 65 The three-level NRZ signal and a synchronous optical clock signal are injected into an SOA, which acts as a nonlinear element and causes the spectrum of the input NRZ signal to be broadened due to XPM effect. A detuned filter is thus used to extract the specific part of the broadened spectrum to obtain three-level RZ signal. The proposed conversion can be achieved with error free at 10 Gbaud. Despite the capabilities of single SOA for all-optical format conversion, the inclusion of the SOA inside an interferometric structure opens the door for new format conversions, with added flexibility. In particular, MZI-SOA has been used in the past decade to generate signals modulated in amplitude, frequency, phase, or a combination of these three domains. Using one MZI-SOA, all-optical modulation format conversion from NRZ-OOK to RZ-PSK was described and experimentally verified by Mishina et al . 66 A diagram of the proposed technique is depicted in Fig. 8 . NRZ-OOK signal pulses with wavelength λ 0 are launched into port #A of the MZI-SOA as control pulses. The RZ clock pulse sequence at λ 1 and the CW light at λ 2 are launched into ports #B and #C as probe pulses and an assist light, respectively. In SOA1, the carrier density is changed according to the amplitude of the control pulse, and the phase and amplitude of the probe pulse after passing through SOA1 are changed due to XPM and XGM, respectively. The current of SOA2 and the voltage of PS2 on the lower arm of the MZI-SOA are adjusted so that the probe pulse acquire an overall phase shift of π rad. Without the control pulse, after passing through SOA1, the probe pulse has a phase of 0 rad, and the phase of the converted signal that was observed at the output of MZI-SOA is 0 rad, due to the anti-phase interference. When the control pulse is present, the probe pulse after passing through SOA1 has a phase of π rad. The phase of the converted signal that was observed at the output of MZI-SOA is π rad, due to the in-phase interference. Thus, the NRZ-OOK data signal is converted to an RZ-BPSK data signal. The assist light is launched to suppress the rapid change of carriers, which induces frequency chirp and amplitude fluctuations.
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For higher bitrates conversion, above 10 Gbit/s, the MZI-SOA is usually configured to work in a "push-pull" configuration, in which the control signal are injected in the upper and the lower arms of the of the interferometer (ports #A and #D in Fig. 8, respectively) , with a time delay between them. This techniques greatly helps to increase the operating speed of the format converter by mitigating the impact patterning effects due to the slow carrier recovery speed of the SOA. 67 Conversion from RZ-OOK to RZ-PSK at 40 Gbit/s, 68 OOK to AMI at 40 Gbit/s, 69 or QPSK and OOK to 8-PSK 70 at 21.3 Gbaud, were achieved with a single MZI-SOA configured in a "push-pull" configuration. Other experiments, using a dual MZI-SOA for multi-format conversion and spectrum grooming of high-speed channels, were demonstrated in, 71 in a flexible and efficient manner.
Higher order modulation formats can be generated using the OOK to BPSK format converter of Fig. 8 , as a building block. For example, as shown in Fig. 9 , all-optical OOK to QPSK converter can be constructed with nested OOK to BPSK converter pairs. 72 QPSK is generated when the overall phase difference between the two nested MZI-SOA pairs is set to π/2 rad. Kang et al 67, 73 demonstrate the feasibility of this conversion scheme to generate a 173 Gbit/s QPSK signal. Moreover, it is possible to construct a modulator for generating even higher order modulation formats, including 16-QAM or 64-QAM, following a similar method by which the OOK to QPSK format converter is constructed.
An integrated triple arm MZI-SOA was proposed by Nissanka et al , 74 to achieve lower power consumption as well as simplicity in operation compared to the solution reported in. 72 An experimental demonstration of format conversion was achieved for two NRZ-OOK signals to one QPSK at 10.7 Gsymbols/s.
Summary
Following, we resume the performance of the most relevant technologies and architectures for modulation format conversion in Table 1 . Most of the technologies may be, or are currently, suitable for integration into small footprints, combining hybrid planar waveguides. The achieved bitrate using MZI-SOA devices is one of the highest, combining advanced modulation formats generation. Table 2 summarizes all-optical format conversions that were described throughout this chapter. From the number of references in each intersection of the double entry table, we verify that a strong research has been undertaken on NRZ to RZ (and vice-versa) format conversion, on ASK signals. Published research papers on all-optical conversion techniques resulting in advanced modulation format (QPSK, 16-QAM and 64-QAM) is still a field with a substantial margin for research studies and experimentation. 
CONCLUSIONS
This paper has presented a summarized analysis of optical modulation format conversion system (OMFCS). A form of classification of has been proposed. This classification categorizes the OMFCS according to their purpose and form of analysis of the optical signal. A set of OMFCS currently available in the literature has been presented and analyzed.
